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Abstract
Cosmological constraints on moduli, whose coupling to matter is stronger than Planck mass
suppressed coupling, are derived. In particular, moduli are considered to be produced by oscillating
loops of cosmic strings and constraints are obtained from their effects on big bang nucleosynthesis
and their contribution to diffuse gamma ray background and dark matter. Large volume and
warped Type-IIB flux compactifications are taken as examples where strongly coupled moduli are
present. Finally, the constraints on cosmic string tension, modulus mass and modulus coupling
constant are obtained and it is shown that the constraints are relaxed significantly when the
coupling constant is large enough. In addition, the effects of thermal production of moduli are
considered and the corresponding constraints are derived.
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I. INTRODUCTION
String theory requires the presence of scalar fields called moduli such as complex struc-
ture and Kahler moduli which parametrize the volume and the shape of a six dimensional
manifold representing the extra dimensions in string theory. There is also the modulus
called dilaton whose expectation value determines the strength of the string coupling con-
stant. Moduli are originally massless and their values are presumably fixed by the dynamics
of the theory so that in the effective theory they become massive scalar fields which are
phenomenologically acceptable. Moduli stabilization is still a challenging problem in string
theory, however, in flux compactification scenarios, it is possible to fix moduli by turning
on fluxes in the internal manifold [1]. The possibility of having a large number of values
for different fluxes leads to the picture of string theory landscape where there exist 10500
different vacua. In this large landscape of vacua, there are attractive models where some
of the long standing problems are revisited such as the hierarchy [1, 2, 3], the possibility of
having a de Sitter vacuum in string theory [4], brane inflation as the origin of inflation [5, 6]
and cosmic superstrings [7, 8, 9].
Moduli can be produced by the oscillating loops of cosmic strings1. Such moduli can
have effects on big bang nucleosynthesis (BBN) and can also contribute to dark matter
and diffuse gamma ray background. These effects for the gravitationally coupled moduli
have been studied in detail [10, 11, 12]. However, recently, some compactification scenarios
have been introduced where moduli couple to matter more strongly than the Planck mass
suppressed coupling [13, 14, 15]. In this paper, we show that the cosmological constraints
on moduli become less severe when moduli couplings are stronger.
In general, moduli were expected to have Planck mass suppressed couplings [16]. However,
in warped and large volume flux compactification scenarios they may couple to matter more
strongly. Refs. [13, 14] argue that the dilaton is localized in the IR region of a throat
for a large warping. The dilaton mass is suppressed by the warp factor and coupling to
matter is stronger than the Planck mass suppressed coupling. Localization of wavefunctions
and stronger couplings to matter are expected for other moduli as well [13, 14]. They also
show that there is a smooth interpolation between moderate and large warping cases which
mimics the Randall-Sundrum (RS) model [17] as the effective theory in the large warping
case.
The Giddings-Kachru-Polchinski model [1] was the first string theory realization of pro-
ducing large hierarchies from pure numbers, i.e., quanta of fluxes. It was argued that the
RS model gives an effective description of the warped compactification scenario with a large
warp factor where the bulk space is replaced by the UV brane and all the 4D physics except
for gravity is localized on the IR brane located at the bottom of the throat [19]. In the orig-
inal RS model, the radial modulus is not fixed and left as a free parameter. A mechanism
for stabilizing this modulus was proposed by Goldberger and Wise [18], who showed that
this modulus has a TeV suppressed coupling rather than Planck mass suppressed and has
a TeV scale mass if the hierarchy problem is solved. Brummer et al further showed that
the RS model with the radial modulus stabilized by the Goldberger-Wise mechanism is the
effective description of the warped compactification scenario [19]. Therefore, there is some
evidence for the moduli with strong coupling in the warped Type-IIB flux compactification
1 Moduli can also be produced thermally if the reheating temperature is high enough. We shall comment
on that possibility in section V.
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scenario.
Another model where a strongly coupled modulus is present is the so called large volume
compactification where volume becomes exponentially large[2, 3]. It was shown in [15] that
one of the Kahler moduli can have mass ∼ 106GeV and coupling to matter is suppressed by
the string mass scale ms ∼ 10
11GeV for a particular value of volume which leads to TeV
scale SUSY breaking. In this model, there is another Kahler modulus with mass ∼ 1MeV
and Planck mass suppressed coupling to matter which suggests the presence of both strongly
and weakly coupled moduli together.
In this paper, we derive constraints on both strongly and weakly coupled moduli produced
by the oscillating loops of cosmic strings. We obtain upper limits on the abundance of such
moduli from diffuse gamma ray background [20], big bang nucleosynthesis [21, 22, 23] and
the dark matter density [24]. We also use the lower limit on the scalar field mass from
Cavendish-type experiments [25]. We find the allowed region of the parameter space in
terms of string tension Gµ, modulus coupling constant α and modulus mass m.
II. MODULI RADIATION FROM STRINGS
A modulus φ couples to matter via trace of its energy momentum tensor
Lint ∼
α
mp
φT µµ , (1)
where α is the modulus coupling constant, mp is the Planck mass and T
µ
µ is the trace of the
matter energy momentum tensor.
We consider oscillating loops of cosmic strings coupled to a modulus as a periodic source
of moduli production. Moduli radiation from a loop of cosmic string occurs with the power
[10]
Pm ∼ 30α
2Gµ2, (2)
when the loop size L . 4pi/m where m is the modulus mass. This part of the spectrum
corresponds to moduli produced from small oscillating loops and so it is relevant to the early
universe. We shall call this part of the spectrum as background moduli. The corresponding
average particle emission rate is
N˙ ∼ 13
α2Gµ2
ω
, (3)
where ω is the energy of a modulus in the rest frame of the loop. The moduli are mainly
produced in the fundamental oscillation mode with ω = 4pi/L where L is the size of the loop
[10]. Thus, the particle emission rate can be expressed as
N˙ ∼
13
4pi
α2Gµ2L. (4)
When L >> 4pi/m, the main contribution to the radiation spectrum comes from cusps
and has a different power spectrum. Such moduli are produced in late epochs and have
larger lifetimes due to large boost factors of the cusps. Possible observable effects of such
moduli will be worked out in [26]. Here, we shall only consider the background moduli and
their cosmological effects.
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III. LIFETIME AND LOOP DENSITY
The rate of decay of a modulus into the standard model (SM) gauge bosons can be
estimated as
Γ ∼ nSM
(
α
mp
)2
m3, (5)
where nSM = 12 is the total number of spin degree of freedom for all SM gauge bosons
and m is the modulus mass. The mean lifetime of such a modulus in its rest frame can be
estimated as the inverse of the decay rate as
τ ∼ 8.1× 1012α−2m−3GeV s, (6)
where mGeV ≡ m/1GeV .
An oscillating loop of cosmic string also produces gravitational radiation with the power
[27]
Pg ∼ 50Gµ
2. (7)
The main energy loss mechanism for a loop of cosmic string is the gravitational radiation
provided that Pg & Pm which corresponds to the case when α . 1. α ∼ 1 case was worked
out in [10, 11, 12]. However, when moduli are strongly coupled to matter, i.e., α >> 1,
the dominant energy loss mechanism becomes the moduli radiation and so this leads to
significant modifications of the constraints obtained in [10, 11, 12].
The lifetime of a loop when the moduli radiation dominates is
τL ∼
µL
Pm
∼
L
30α2Gµ
. (8)
The constraints we shall obtain in the next section depend upon the length of the loops
formed from the cosmic string network. There is still no consensus on the evolution of
string network and analytical works [28, 29] and different simulations [30, 31, 32, 33] yield
different answers. However, the biggest recent simulations [32, 33] suggest that a loop formed
at cosmic time t has a typical length
L ∼ βt, (9)
with β ∼ 0.1.
The loops of interest to us are the ones formed in the radiation dominated era whose
number density is given by [27]
n(L, t) ∼ ζβ1/2(tL)−3/2, (10)
where ζ ∼ 16, 30α2Gµt . L . βt.
Loops lose their energy mostly via friction in the friction dominated epoch when t .
t∗ ∼ tp/(Gµ)
2 [27] and cannot produce moduli efficiently. Therefore, we consider later times
where the loops reach a scaling solution and the main energy loss mechanism is via moduli
radiation.
The particle emission rate (3) is valid for the loops of size L . 4pi/m, which exist only
at t . tm. From (8) we obtain tm as
tm ∼
4pi
30
α−2(Gµ)−1m−1. (11)
4
Thus, we shall be interested in moduli produced in the time interval
t∗ . t . tm. (12)
This implies tm & t∗, which can be expressed as
Gµ &
30
4pi
α2
m
mp
∼ 2× 10−19α2mGeV . (13)
We represent this condition on the parameter space plots given in the next section as a
dashed line below which moduli are not produced, hence there are no constraints on moduli
in that region2.
IV. COSMOLOGICAL CONSTRAINTS ON MODULI
A. Abundance
Moduli abundance is Y (t) = nm(t)/s(t) where nm(t) is the moduli number density and
s(t) is the entropy density given by
s(t) = 0.0725N 1/4
(mp
t
)3/2
, (14)
where N ∼ 100 is the total number of spin degrees of freedom in the radiation dominated
era at time t.
The total number of moduli produced by a single loop until cosmic time t < τL can be
obtained from (3) as
N ∼ N˙t ∼
13
4pi
α2Gµ2Lt. (15)
By using (10) and (15), the number density of moduli in the universe produced by the loops
of size L can be found as
nm(t) ∼ Nn(L, t) ∼
13
4pi
ζβ1/2(Lt)−1/2α2Gµ2. (16)
Thus, the moduli abundance can be estimated as
Y ∼ 4.5ζβ1/2L−1/2tm−3/2p α
2Gµ2, (17)
Note that the smallest loops of size L ∼ 30α2Gµt dominate the abundance. It can also be
seen from (12) that t = tm gives the most dominant contribution to the abundance. Using
these facts, we obtain
Y ∼ 2.7(Gµ)
(mp
m
)1/2
∼ 9.4× 109(Gµ)m
−1/2
GeV . (18)
Note that the dependence on Gµ in equation (18) is different from that found in [10] since
there, it was assumed that β ∼ Gµ. Although β ∼ 0.1 seems to lead to more stringent
constraints on the string tension Gµ, we shall see that the constraints are relaxed when the
coupling constant α becomes large enough.
2 Plasma friction may or may not affect cosmic F- and D-strings depending on whether they interact with
ordinary matter or not. However, thermally produced bulk field background, such as moduli, might have
a similar effect on cosmic F- and D-strings. If they are not affected by friction, the condition (13) is
removed for cosmic F- and D-strings.
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FIG. 1: logGµ vs logmGeV for strongly coupled moduli. The region above the solid line is forbidden
by the cosmological constraints and the region below the dashed line is free of the constraints for
the loops affected by plasma friction since such moduli are never produced because of friction
domination. Note that if F- and D- strings do not interact with ordinary matter like solitonic
cosmic strings do, the friction domination does not apply. Hence, one should ignore the dashed
line in that case.
B. Cosmological Constraints on Strongly Coupled Moduli
Short distance measurements of Newton’s Law of gravity in Cavendish type experiments
give a lower bound on the modulus mass as m > 10−3eV , i.e., mGeV > 10
−12 [25].
If moduli are long-lived, i.e., τ & t0 ∼ 4.3× 10
17s, they contribute to the dark matter in
the universe. Thus, we have the upper bound Ωmh
2 < 0.13 [24] or in terms of abundance
Y < 9.6× 10−10m−1GeV .
If moduli are long-lived, they also contribute to the diffuse gamma ray background [34].
When τ & t0, the energy density of moduli that decayed into photons until the present time
can be estimated as
ρm ∼ Y s(t0)m
t0
τ
∼ 2.2× 1017Y m4GeV α
2 eV cm−3, (19)
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where t0/τ is the fraction of the decayed moduli and s(t0) = s(teq)(teq/t0)
2 ∼ 2.9 ×
10−38GeV 3. According to EGRET data, an approximate upper bound on the diffuse gamma
ray density for the photons of energy > 1MeV is ργ ∼ 2 × 10
−6 eV cm−3 [20]. Using this
upper bound, we can estimate the limit on the abundance from the constraint ρm . ργ as
Y . 9.1× 10−24α−2m−4GeV .
When tdec ∼ 10
13 s . τ . t0, the most stringent constraint comes from the diffuse gamma
ray background [34]. Assuming all the moduli decay by the time τ , the energy density can
be estimated as
ρm ∼ Y s(τ)m ∼ 1.1× 10
22Y α4m7GeV eV cm
−3, (20)
where s(τ) = s(teq)(teq/τ)
2 ∼ 8.2×10−29α4m6GeV 3. Redshifting the photon energy density
to time t = τ , we find
ργ(τ) ∼ ργ
(
t0
τ
)8/3
∼ 1× 107α16/3m8 eV cm−3, (21)
which gives the upper bound on the moduli abundance as Y . 9.1× 10−16 α4/3mGeV .
If the modulus lifetime is shorter than tdec, they can have effects on BBN [21, 22, 23].
When such moduli decay electromagnetically, they dissolve the light elements created dur-
ing nucleosynthesis. Besides, moduli-gluon coupling leads to hadron production which can
change the primordial light element abundances. To obtain upper limits on the moduli
abundance, we made a piecewise power law approximation to the results of [21, 22, 23] and
summarized them in table I, where τs ≡ τ/sec.
τs Y
104 . τs . 10
13 10−14m−1GeV
102 . τs . 10
4 10−8τ
−3/2
s m
−1
GeV
10 . τs . 10
2 10−11m−1GeV
10−2 . τs . 10 10
−11τ
−5/2
s m
−1
GeV
TABLE I: BBN constraints on the strongly coupled moduli abundance. This table shows the
approximate upper bounds on the strongly coupled moduli abundance as a function of modulus
lifetime and modulus mass.
Using the bounds obtained from Cavendish-type experiments, diffuse gamma ray back-
ground, BBN and dark matter constraints, we obtain the limits on string tension Gµ, mod-
ulus mass m and modulus coupling constant α. Using all the constraints, we obtained Fig.1
for the parameter space of Gµ vs mGeV for several values of α. The analytic form of the
constraints in all parameter ranges is given in Table II of the Appendix. As it can be seen
from Fig.1, the constraints become weaker as α increases. The condition (13) moves up
on the parameter space which leads to the region free of constraints below the dashed line
where no moduli are produced from cosmic strings.
C. Cosmological Constraints on Weakly Coupled Moduli
In the previous section, we analyzed the cosmological constraints on strongly coupled
moduli. In this section, we shall assume that there are at least one strongly coupled modulus
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FIG. 2: logGµ vs logmGeV for weakly coupled moduli when mweak & mstrong. The region above
the solid line is forbidden by the cosmological constraints and the region below the dashed line is
free of the constraints for the loops affected by plasma friction since such moduli are never produced
because of friction domination. Note that if F- and D- strings do not interact with ordinary matter
like solitonic cosmic strings do, then the friction domination does not apply. Hence, one should
ignore the dashed line in that case.
and one weakly coupled modulus (coupling suppressed by at least Planck mass) with coupling
constants α >> 1 and αW . 1 respectively. We shall estimate the cosmological constraints
on weakly coupled moduli similar to the previous section. Note that the dominant energy
loss mechanism for the loops is still via strongly coupled moduli radiation, thus the loop
lifetime is given by (8) and the minimum size of the loops is Lmin ∼ 30α
2Gµt. On the other
hand, the modulus lifetime depends upon its coupling constant to matter and given by
τW ∼ 8.1× 10
12α−2W m
−3
GeV s. (22)
The abundance of weakly coupled moduli can be calculated as
YW ∼ 9.4× 10
9α−2α2W (Gµ)m
−1/2
GeV . (23)
which is valid for mweak & mstrong where mweak and mstrong are the masses of the strongly
and the weakly coupled moduli respectively. However, if mweak < mstrong, although the
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strongly coupled moduli production terminates at tmstrong(α) given by equation (11), weakly
coupled moduli are still produced and the process terminates at tmweak(α = 1). At this
point, gravitational radiation starts dominating and the abundance becomes YW ∼ 9.4 ×
109α2W (Gµ)m
−1/2
GeV . Therefore, the constraints are the same as given on Fig.1 for α = 1 case
when mweak < mstrong assuming αW ∼ 1.
In the opposite regime, when mweak > mstrong, by using all the constraints, we show the
parameter space in Fig.2 for various values of αW and α. Once again, the analytic form
of the constraints is given in table III in the Appendix. As it can be seen from Fig.2, the
constraints become less important as α increases and αW decreases since the abundance is
suppressed by α−2α2W . Besides, the condition (13) becomes stronger for larger α and there
is a larger region in the parameter space below the dashed line free of the constraints.
V. THERMALLY PRODUCED MODULI BACKGROUND
So far we have discussed the production of moduli from cosmic strings. Moduli can also
be produced thermally if the reheating temperature is high enough. The photon-modulus
interaction can be written as
Lint ∼
α
mp
φF µνFµν . (24)
Moduli should be in thermal equilibrium with photons for the thermal production. The
lowest order process which contributes to the interaction γγ → φφ is second order and the
cross section can be estimated as
σ ∼
(
α2
m2p
)2
E2, (25)
where E ∼ T is the energy of photons at temperature T .
For the thermal production of moduli to occur, the pathlength of moduli should be less
than the Hubble time, i.e.,
1
σnγ
. t, (26)
where t is the cosmic time and nγ is the photon density at temperature T . Using nγ ∼ T
3
and t ∼ mp/T
2 in (26), we obtain
T & α−4/3mp. (27)
For instance, when α ∼ 109, (27) implies Trh & 10
7GeV . Since reheating temperature is
also model dependent, strongly coupled moduli may or may not be produced thermally. On
the other hand, weakly coupled moduli cannot be produced since Trh & mp is required for
α . 1.
Assuming strongly coupled moduli are produced thermally and dominate the universe,
we can estimate the temperature after their decay. The decay rate of moduli is
Γ ∼
(
α
mp
)2
m3, (28)
and when Γ ∼ H ∼ T 2/mp, moduli will decay and reheat the universe to temperature T .
Using that, we obtain
T ∼ α
(
m
mp
)1/2
m. (29)
The weakest constraint one can consider is that T should be at least at the nucleosynthesis
temperature ∼ 1MeV . Using T & 1MeV , we obtain the constraint
α & 106m
−3/2
GeV . (30)
VI. CONCLUSIONS
We consider oscillating loops of cosmic strings as periodic sources of moduli production.
When α . 1, gravitational radiation is the dominant energy loss mechanism for the loops.
The constraints for this case is identical to α = 1 case for the strongly coupled moduli as
we have shown on Fig. 1. Note that our results for α ∼ 1 are more stringent than that of
[10, 11, 12]. This is mainly because of the fact that they assume β ∼ Gµ in their calculations
whereas we use β ∼ 0.1 from the recent simulations [32, 33].
When a modulus is strongly coupled to matter, i.e., α & 1, the dominant energy loss
mechanism for the loops becomes the moduli radiation. Hence, loop lifetimes depend upon
α. Besides, modulus lifetime shortens as α increased if the modulus mass is kept constant.
These two effects make the cosmological constraints we obtained for the strongly coupled
moduli less severe. Basically, for moduli to have effects on BBN, and to contribute to dark
matter and diffuse gamma ray background, their lifetime should be long enough. This means
that smaller mass values of the strongly coupled moduli have effects on cosmology as we can
see from Fig.1.
In addition, loops cannot radiate moduli effectively in the friction dominated epoch since
they lose their energy mostly in friction. The condition for friction domination (13) becomes
stronger when α is larger. Therefore, more region of the parameter space is allowed as α
is increased since friction domination does not let moduli to be produced by cosmic strings
in that region. This may not be the case for F- and D- strings since they may or may not
interact with ordinary matter depending on where they are located in the bulk. However,
if there is a thermally produced moduli background, a similar effect might occur to F- and
D- strings which needs further investigation.
We consider warped and large volume compactifications as the two examples where at
least one strongly coupled modulus is present. In the warped compactification scenario,
there is some evidence for moduli localization in long throat regions which leads to stronger
coupling to matter and smaller moduli masses [13, 14]. Besides, there is a smooth inter-
polation between large and moderate warping. This suggests that warped compactification
with a long throat can be effectively described by the RS model with its radion stabilized
by Goldberger-Wise mechanism [19]. As it was argued some time ago by Goldberger and
Wise that, RS radion has TeV suppressed coupling to matter [18]. Interpolating our results
for this particular case, we see that there is almost no cosmological constraint on the RS
radions produced by the cosmic strings.
As a second example, we consider large volume compactification where a strongly coupled
modulus is present. One of the Kahler moduli in this scenario has a mass m ∼ 106GeV and
a string mass scale suppressed coupling where ms ∼ 10
11GeV [15]. In our notation, this
means that α ∼ 108, hence a strongly coupled modulus. As we can see from Fig.1, there is
almost no cosmological constraint for this modulus.
In the large volume compactification scenario, there is another Kahler modulus with
Planck mass suppressed coupling to matter, i.e., α ∼ 1. This suggests the possibility of
having at least one strongly coupled and a weakly coupled modulus together. We also
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calculated the constraints on weakly coupled moduli and the results are shown in Fig.1 with
α = 1 for mweak < mstrong and in Fig.2 for mweak & mstrong. In particular, the constraints
on the weakly coupled Kahler modulus of the large volume scenario is given in the first
plot of Fig.1 (α = 1) since mweak ∼ 1MeV < mstrong ∼ 10
6GeV . Note that in this model,
maximum string tension can only be Gµ ∼ 10−16. If we take αW ∼ 1 and mweak ∼ 1MeV ,
there are not many constraints on this weakly coupled modulus. On the other hand, as it
can be seen from Fig.2, constraints are quite weak for α = 108, αW = 1 case. If αW << 1,
then there is almost no constraint on weakly coupled moduli with mweak & mstrong since
their abundance is suppressed by α−2α2W .
We also consider the possibility of producing moduli thermally. We found that if the
universe has ever reached temperature of order T ∼ α−4/3mp, then moduli can be produced
thermally. If the hierarchy problem is solved with warped geometry, the RS radion couples
to matter with α ∼ 1015 and (30) implies m & 10−6GeV for the RS radion mass. Since it
is expected that m ∼ 1 TeV [18], the RS radion is free of both the cosmological constraints
from cosmic strings and from the thermally produced radion background constraint. For the
strongly coupled Kahler modulus in the large volume scenario, the constraint (30) implies
m & 10−2GeV . Since m ∼ 106GeV in this model [15], it is also free of the thermally
produced moduli background constraint. Finally, we also found that weakly coupled moduli
cannot be produced thermally since T & mp would be required for this to happen.
In this work, we assumed that the reconnection probability of strings is p = 1 which is
true for the ordinary cosmic strings. However, for cosmic F- and D-strings p < 1 which leads
to an enhancement of the string density in the universe[8, 9]. Therefore, the constraints are
expected to be a little bit stronger for p < 1 case which is not a significant effect [11].
The main conclusion of this work is that when there is at least one type of strongly
coupled modulus, both the cosmological and the thermally produced moduli background
constraints on strongly and weakly coupled moduli become less severe and for sufficiently
large values of α, there is almost no constraint on moduli.
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APPENDIX A: COSMOLOGICAL CONSTRAINTS ON WEAKLY AND
STRONGLY COUPLED MODULI
The analytical forms of the cosmological constraints on string tension Gµ for weakly and
strongly coupled moduli are given in Table II and Table III respectively.
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mGeV Gµ
10−12 . mGeV . 3× 10
−2α−2/3 1.0× 10−19m
−1/2
GeV
10−12 . mGeV . 3× 10
−2α−2/3 9.7× 10−34α−2m
−7/2
GeV
3× 10−2α−2/3 . mGeV . 9.3× 10
−1α−2/3 9.1× 10−26α4/3m
3/2
GeV
9.3× 10−1α−2/3 . mGeV . 9.3 × 10
2α−2/3 1.1× 10−24m
−1/2
GeV
9.3× 102α−2/3 . mGeV . 4.3× 10
3α−2/3 4.6× 10−38α3m4GeV
4.3× 103α−2/3 . mGeV . 9.3× 10
3α−2/3 1.1× 10−21m
−1/2
GeV
9.3× 103α−2/3 . mGeV . 9.3× 10
4α−2/3 5.7× 10−54α5m7GeV
TABLE II: Constraints on the string tension Gµ. This table shows the upper bounds we obtain
from Cavendish type experiments, diffuse gamma ray background, BBN and dark matter density
constraints on Gµ for strongly coupled moduli as a function of modulus mass m and modulus
coupling constant α.
mGeV Gµ
10−12 . mGeV . 3× 10
−2α
−2/3
W 1.0× 10
−19α2α−2W m
−1/2
GeV
10−12 . mGeV . 3× 10
−2α
−2/3
W 9.7× 10
−34α2α−4W m
−7/2
GeV
3× 10−2α
−2/3
W . mGeV . 9.3 × 10
−1α
−2/3
W 9.1 × 10
−26α2α
−2/3
W m
3/2
GeV
9.3 × 10−1α
−2/3
W . mGeV . 9.3 × 10
2α
−2/3
W 1.1× 10
−24α2α−2W m
−1/2
GeV
9.3× 102α
−2/3
W . mGeV . 4.3× 10
3α
−2/3
W 4.6× 10
−38α2αWm
4
GeV
4.3× 103α
−2/3
W . mGeV . 9.3× 10
3α
−2/3
W 1.1× 10
−21α2α−2W m
−1/2
GeV
9.3× 103α
−2/3
W . mGeV . 9.3× 10
4α
−2/3
W 5.7× 10
−54α2α3Wm
7
GeV
TABLE III: Constraints on the string tension Gµ. This table shows the upper bounds we obtain
from Cavendish-type experiments, diffuse gamma ray background, BBN and dark matter density
constraints on Gµ for weakly coupled moduli when mweak & mstrong as a function of modulus mass
m and moduli coupling constants α and αW . When mweak < mstrong, one should set α = 1 in the
above table.
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